Background: Colon cancer-associated transcript-1 (CCAT1) has been demonstrated to act as an oncogene and promote chemoresistance in several cancers. However, little is known about the underlying mechanism of CCAT1 in cisplatin (DDP) resistance of non-small-cell lung cancer (NSCLC) cells. Methods: qRT-PCR was performed to detect the expression levels of CCAT, miR-130a-3p, or sexdetermining region Y-box 4 (SOX4) mRNA. Luciferase reporter assay, RNA immunoprecipitation (RIP), and qRT-PCR analysis were carried out to explore the potential targets of CCAT1 or miR-130a-3p. Effect of CCAT1, miR-130a-3p, or SOX4 on IC 50 value of DDP and ATP binding cassette subfamily G member 2 (ABCG2) level in NSCLC cells were determined by cell counting kits-8 (CCK-8) assay and western blot, respectively. Results: CCAT1 and SOX4 were up-regulated, and miR-130a-3p was down-regulated in DDP-resistant NSCLC cells compared with their parental NSCLC cells. CCAT1 directly interacted with miR-130a-3p and negatively regulated miR-130a-3p expression. CCAT1 contributed to DDP resistance of A549/DDP cells by down-regulating miR-130a-3p. miR-130a-3p was found to directly target SOX4 to suppress its expression. SOX4 knockdown reversed miR-130a-3p-inhibition-induced increase of DDP resistance and ABCG2 expression in NSCLC cells. Exogenous expression of SOX4 abrogated CCAT1-knockdown-mediated decrease of DDP resistance and ABCG2 expression in DDP-resistant NSCLC cells. Conclusion: CCAT1/miR-130a-3p axis enhanced DDP resistance of NSCLC cells by targeting SOX4, providing potential targets to overcome DDP resistance and improve efficacy of chemotherapy for patients with NSCLC.
Introduction
Lung cancer is still the most common prevalent malignancy and remains the primary cause of global cancer-associated morbidity and mortality for both men and women, 1 approximately 85% of which is non-small cell lung cancer (NSCLC). The prognosis for patients with advanced NSCLC remains poor, with a five-year survival rate of less than 15%. 1 Platinumbased chemotherapy, particularly cisplatin (DDP)-based chemotherapy, has been the first-line adjuvant treatment for NSCLC in the clinic after surgical resection. 2 Unfortunately, the clinical therapeutic efficacy of DDP is significantly reduced due to the emergence of resistance to DDP-based therapy. 3 Therefore, a better understanding of the mechanisms of DDP resistance in NSCLC would be important to provide useful methods to reverse DDP resistance and improve the efficacy of NSCLC therapeutics.
Long non-coding RNAs (LncRNAs) are defined as a class of non-protein coding transcripts longer than 200 nt. So far, lncRNAs are emerging as crucial regulators of gene expression at different levels through chromatin modification, transcription (or post-transcriptional) and translational regulation. LncRNAs have widely been reported to contribute to malignant physiological or pathological processes such as carcinogenesis, invasion, metastasis, and drug resistance. 4 Recently, a novel regulatory circuit, supported by numerous studies, has been proposed that lncRNAs interact with miRNAs, functioning as competing endogenous RNAs (ceRNAs), namely, miRNA sponges or antagomirs, to regulate the expression and activity of miRNAs, thereby leading to the derepression of miRNA targets. 5, 6 For example, lncRNA tumor suppressor candidate 7 (TUSC7) suppressed epithelial-to-mesenchymal transformation (EMT) through the TUSC7-miR10a-EphA4 axis in hepatocellular carcinoma (HCC). 7 LncRNA nuclear enriched abundant transcript 1 (NEAT1) functioned as a molecular sponge for miR-449b-5p, triggering the upregulation of oncogene c-Met and facilitating the development of glioma. 8 Colon cancer-associated transcript-1 (CCAT1), a 2628-bp lncRNA that located at chromosome 8q24.21, was initially discovered to be highly-expressed in colon cancer. 9 Several lines of evidence has demonstrated that CCAT1 was aberrantly expressed and exhibited oncogenic roles in various types of tumors, such as gastric cancer, 9 HCC 10 and lung cancer.
and promote chemoresistance in docetaxel-resistant lung cancer cells. 11 However, little is known about the underlying mechanism of CCAT1 in DDP resistance of NSCLC cells.
In this study, we identified the possibility that CCAT1 functioned as a ceRNA for endogenous miRNAs by starBase software. The results showed that CCAT1 effectively acted as a miRNA sponge for miR-130a-3p to enhance sex-determining region Y-box 4 (SOX4) expression. Moreover, CCAT1/miR130a-3p axis contributed to DDP resistance of NSCLC cells by targeting SOX4.
Materials and methods

Cell lines and culture
Normal human lung bronchial epithelial BEAS-2B cells, parental NSCLC A549 cells, H1299, and DDP-resistant NSCLC A549/DDP cells were purchased from the Cell bank of Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in Dulbecco's modified Eagles medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin at 37 C in a humidified air with 5% CO 2 . To establish DDP-resistant H1299 cell line (H1299/DDP), H1299 cells were initially treated with 0.6 mM of DDP (Sigma, St. Louis, MO, USA), and then were exposed to gradually increasing concentrations of DDP in a stepwise manner, until the final concentration of DDP is 1 mg/ml. Moreover, A549/DDP and H1299/DDP cells was maintained in culture medium additionally containing 1 mg/ml DDP (Sigma) to maintain the drug-resistant phenotype prior to further experiments.
Cell transfection
miR-130a-3p mimic (miR mimic), mimic control (mimic Con), miR-130a-3p inhibitor (miR inhibitor), inhibitor control (inhibitor Con), siRNA against CCAT1 (si-CCAT1), siRNA against SOX4 (si-SOX4) and siRNA control (siRNA Con) were all purchased from GenePharma (Shanghai, China). For overexpressing CCAT1 or SOX4, the sequence of CCAT1 or SOX4 was amplified by PCR and then cloned into eukaryotic expression vector pcDNA3.1 (Invitrogen), forming pcDNA-CCAT1 (CCAT1) or pcDNA-SOX4 (SOX4). All oligonucleotides and plasmids were transfected into cells using Lipofectamine 2000 (Invitrogen). At 48 h posttransfection, transfected cells were harvested for next analysis.
Quantitative real-time PCR (qRT-PCR) assays
Total RNA was isolated using TRIzol reagent (Invitrogen) and quantified by the Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA). The first strand of cDNA was synthesized from approximately 1 mg of extracted total RNA sample with a PrimeScript TM RT-PCR Kit (Takara, Dalian, China). Quantification of miRNA, or lncRNA and mRNA was performed using TaqMan assay kits (Applied Biosystems, Forster City, USA) and SYBR Ò Premix Ex Taq TM II (Takara) on the ABI 7500 real-time PCR system (Applied Biosystems), respectively. The relative expressions of miR-130a-3p, CCAT1 and SOX4 mRNA were calculated using the 2 ¡DDCT method. U6 small nuclear (snRNA) was used as an internal control for miR-130-3p and GAPDH for CCAT1 and SOX4 mRNA. The specific primer sequences were designed as follows: CCAT1, forward primer, 
Luciferase reporter assay
The wild-type CCAT1 sequence, 3 0 UTR sequences of SOX4 containing the predicted binding sites for miR-130a-3p, or mutated CCAT1 sequence, 3 0 UTR sequences of SOX4 without miR-130a-3p binding sites were inserted into pGL3 promoter vector (Promega, Madison, WI, USA) and named as pGL3-CCAT1-WT, pGL3-SOX4 3 0 UTR-WT, pGL3-CCAT1-MUT, and pGL3-SOX4 3 0 UTR-MUT, respectively. A549/DDP cells were seeded in 96-well plates at 1 £ 10 4 cells per well and then cotransfected with constructed recombinant luciferase vectors and miR mimic or mimic Con using Lipofectamine 2000 (Invitrogen). Luciferase activity was measured at 48 h after transfection with the Dual-Luciferase Reporter Assay System (Promega).
IC 50 determination
The transfected cells in the logarithmic phase of growth were seeded in triplicate into 96-well plates at a density of 3000 cells per well. After incubating for 24 h, cells were treated with the indicated concentrations of DDP (2.5, 5, 10, 20, 40, 80 mg/ml) for 48 h. Subsequently, 10 ml of cell counting kits-8 (CCK-8) solution was added to each well, followed by incubation for 1 h at 37 C in 5% CO 2 . The absorbance at 450 nm was recorded using a microplate reader (BioTek, Winooski, VT, USA). IC 50 were determined as the concentration of drug at which DDP produced 50% growth inhibition, with higher IC 50 values indicating higher chemoresistance potential.
RNA immunoprecipitation
RNA immunoprecipitation (RIP) assays were carried out with EZ-Magna RIP RNA-binding protein immunoprecipitation kit (Millipore, Bedford, MA, USA) following the manufacturer's protocol. Briefly, A549/DDP cells at 80-90% confluency were digested, harvested and lyzed in RIP lysis buffer. Then 100 ml of whole cell lysate was co-incubated with RIP buffer containing magnetic beads conjugated with human antibody against Argonaute2 (Ago2) (Abcam, Cambridge, MA, USA) or normal mouse IgG (Millipore) for 6 h at 4 C. The beads were treated with Proteinase K buffer to digest the protein and then target RNA was extracted. Co-precipitated RNAs were finally subjected to qRT-PCR analysis for further study.
Statistical analysis
All statistical analyses were performed using Graph Prism 5.0 software (GraphPad Prism, San Diego, CA). The data were shown as mean § standard deviation (SD). Student's t test or one-way ANOVA was used to analyze the differences between two or more groups. The results were considered statistically significant when P < 0.05.
Results
Expression levels of CCAT1, miR-130a-3p, and SOX4 in NSCLC parental cells and DDP-resistant cells
The expression levels of CCAT1, miR-130a-3p, and SOX4 in normal human lung bronchial epithelial cells BEAS-2B, parental NSCLC cells (A549 and H1299) and DDP-resistant NSCLC cells (A549/DDP and H1299/DDP) were evaluated by qRT-PCR. As shown in Fig. 1A and B, CCAT1 was significantly upregulated, while miR-130a-3p was markedly downregulated in both A549 and H1299 cells compared with BEAS-2B cells. SOX4 expression at mRNA and protein level in A549 and H1299 cells was dramatically higher than BEAS-2B cells ( Fig. 1C and D) . More interestingly, higher expressions of CCAT1 and SOX4, and lower expression of miR-130a-3p were also observed in A549/DDP and H1299/DDP cells compared with matched A549 and H1299 cells, suggesting that CCAT1, miR-130a-3p, and SOX4 may be implicated in the development of DDP resistance of NSCLC cells.
CCAT1 enhanced DDP resistance of NSCLC cells
Accumulating evidence has indicated that numerous lncRNAs contain motif with complementary sequence to miRNAs and have an inhibitory effect on the expression and activity of miRNAs. Therefore, we predicted the potential miRNAs which could interact with CCAT1 by the online software starBase v2.0. By searching this database, we discovered that CCAT1 contained potential binding sites complementary to miR-130a-3p, as displayed in Fig. 2A . To confirm the direct binding between CCAT1 and miR-130a-3p, luciferase reporter assay was performed. The results demonstrated that cotransfection with pGL3-CCAT1-WT and miR mimic resulted in an obvious suppression of luciferase activity (Fig. 2B) while cotransfection with pGL3-CCAT1-WT and miR inhibitor led to a marked increase of luciferase activity in A549/DDP cells (Fig. 2C ), but the luciferase activity in A549/DDP cells cotransfected with pGL3-CCAT1-MUT and miR mimic or miR inhibitor was not significantly changed, suggesting that CCAT1 could interact with miR-130a-3p. Furthermore, miRNAs are known to exert their gene silencing functions through forming RNA-induced silencing complex (RISC) containing Ago2. 12 To explore the endogenetic mutual effect between CCAT1 and miR-130a-3p, RIP assay was performed on A549/DDP cell extracts using antibody against Ago2. RNA levels in immunoprecipitates were examined by qRT-PCR. As expected, CCAT1 and miR-130a-3p were both significantly enriched in the Ago2 pellets relative to control IgG immunoprecipitates (Fig. 2D) , suggesting that CCAT1 and miR-130a-3p might be in the same RISC complex.
To investigate the authentic effect of CCAT1 on the expression of miR-130a-3p, qRT-PCR was conducted to determine the expression of miR-130a-3p in A549, H1299, A549/DDP and H1299/DDP cells transfected with pcDAN-CCAT1, si-CCAT1 or respective controls. The transfection efficiency was verified by qRT-PCR and pcDAN-CCAT1 transfection significantly upregulated CCAT1 level in A549 and H1299 cells while si-CCAT1 treatment dramatically repressed CCAT1 expression in A549/DDP and H1299/DDP cells ( Fig. 2E and F) . As illustrated in Fig. 2G and H, the expression of miR-130a-3p was strikingly lower in pcDAN-CCAT1-transfected A549 and H1299 cells but remarkably higher in si-CCAT1-transfected A549/DDP and H1299/DDP cells. Collectively, these results revealed that CCAT1 directly targeted miR-130a-3p to suppress its expression.
CCAT1 contributed to DDP resistance of NSCLC cells by downregulating miR-130a-3p
Since a previous study reported that CCAT1 was involved in the development of docetaxel resistance in lung adenocarcinoma cells 11 we further explored the effect of CCAT1 on DDP resistance in NSCLC cells. IC 50 values after DDP treatment have always been used to determine DDP resistance.
13,14 After A549, H1299, A549/DDP and H1299/DDP cells were treated Figure 2 . miR-130a-3p is a direct target of CCAT1. (A) The predicted wild-type or mutated binding sites between CCAT1 and miR-130a-3p. (B and C) Luciferase reporter assay was performed to measure luciferase activity in A549/DDP cells cotransfected with pGL3-CCAT1-WT or pGL3-CCAT1-MUT and miR mimic, miR inhibitor, miR Con or inhibitor Con. (D) RIP assay was performed on A549/DDP cell extracts using antibody against Ago2. CCAT1 and miR-130-3p levels were evaluated by qRT-PCR. A549 and H1299 cells were were transfected with CCAT1 or vector, and A549/DDP and H1299/DDP cells were transfected with si-CCAT1 or siRNA Con, then qRT-PCR was carried out to detect the expression levels of CCAT1 (E and F) and miR-130a-3p (G and H).
Ã P < 0.05.
with the indicated concentrations of DDP (2.5, 5, 10, 20, 40, 80 mg/ml) for 48 h, IC 50 value for DDP was calculated with CCK-8 assay. The results showed that IC 50 value for DDP was significantly higher in A549/DDP and H1299/DDP cells than A549 and H1299 cells (Fig. 3A) , respectively. In addition, miR130a-3p inhibitor notably increased IC 50 of DDP in A549 and H1299 cells relative to inhibitor Con group, while ectopic expression of miR-130a-3p greatly decreased IC 50 of DDP in A549/DDP and H1299/DDP cells compared with mimic Con group ( Fig. 3B and C) , as demonstrated by CCK-8 assay. Moreover, CCAT1 overexpression significantly enhanced DDP resistance in A549 (Fig. 3D ) and H1299 (Fig. 3E ) cells, while exogenous expression of miR-130a-3p markedly abolished the improvement of DDP resistance induced by CCAT1 overexpression. Oppositely, CCAT1 knockdown remarkably reduced DDP resistance in A549/DDP (Fig. 3F ) and H1299/DDP (Fig. 3G ) cells, whereas miR-130a-3p inhibition effectively reversed si-CCAT1-induced decrease of DDP resistance. Taken together, these data demonstrated that CCAT1 promoted DDP resistance of NSCLC cells by downregulating miR-130a-3p.
SOX4 was a functional target of miR-130a-3p
Based on the above results, we intended to explore the potential targets of miR-130a-3p by Targetscan (http://www.targetscan. org) and miRanda (http://www.microrna.org) algorithms. As a result, SOX4, a member of the SOX family of transcription factors, was predicted to be a potential target of miR-130a-3p and the recognition sequence between them were shown in Fig. 4A . Next, luciferase reporter assay with luciferase vectors containing the predicted miR-130a-3p binding sites on the 3 0 UTR of SOX4 was performed to verify the prediction. Luciferase reporter assay showed that enforced expression of miR-130a-3p significantly weakened luciferase activity and miR-130a-3p inhibition conspicuously promoted luciferase activity of pGL3-SOX4 3 0 UTR-WT in A549/DDP cells ( Fig. 4B  and C) . However, no obvious change was observed in the luciferase activity of pGL3-SOX4 3 0 UTR-MUT after any transfection ( Fig. 4B and C) . Then, qRT-PCR and western blot were performed to investigate the effect of miR-130a-3p expression change on mRNA and protein levels of SOX4. As shown in Fig. 4D and E, miR-130a-3p inhibition dramatically increased the expression of SOX4 at both mRNA and protein levels in A549 (Fig. 4D and F) and H1299 (Fig. 4E and G) cells, while miR-130a-3p overexpression significantly decreased the mRNA and protein levels of SOX4 in A549/DDP (Fig. 4D and F) and H1299/DDP (Fig. 4E and G) cells. Together, we concluded that SOX4 was a direct target of miR-130a-3p.
CCAT1/miR-130a-3p axis increased DDP resistance of NSCLC cells by targeting SOX4
The effect of SOX4 on IC50 value of DDP was assessed by transfecting with SOX4 or Vector into A549 and H1299 and introducing with siRNA Con or si-SOX4 into A549/DDP and H1299/DDP cells. As shown in Fig. 5A and B, SOX4 overexpression significantly increased DDP resistance in A549 and H1299 cells, while SOX4 knockdown markedly decreased DDP resistance in A549/DDP and H1299/DDP cells, as revealed by CCK-8 assay. To investigate whether CCAT1/miR-130a-3p axis mediated DDP resistance of NSCLC cells by targeting SOX4, A549 and H1299 cells were transfected with miR inhibitor, or miR inhititor C si-SOX4, while A549/DDP and H1299/ DDP cells were introduced with si-CCAT1 or si-CCAT1 C SOX4. The results showed that down-regulation of SOX4 notably overturned miR-130a-3p-inhibitor-induced increase in DDP resistance in A549 (Fig. 5C) and H1299 (Fig. 5D ) cells.
Similarly, upregulation of SOX4 remarkably attenuated CCAT1-knockdown-mediated reduction in DDP resistance in A549/DDP (Fig. 5E ) and H1299/DDP (Fig. 5F ) cells. Collectively, these data uncovered that CCAT1/miR-130a-3p axis enhanced DDP resistance of NSCLC cells by regulating SOX4.
CCAT1/miR-130a-3p axis regulated ABCG2 by targeting SOX4
It is well known that chemoresistance of cancer is frequently mediated by overexpression of ATP-binding cassette (ABC) transporter proteins, among which ATP binding cassette subfamily G member 2 (ABCG2) is considered as the main contributing factor to multidrug resistance. 15 We further investigated the effect of interaction of SOX4 and CCAT1 or miR130a-3p on the protein level of ABCG2 in A549, A549/DDP, H1299 and H1299/DDP cells. Western blot analysis showed that the protein level of ABCG2 was exceptionally higher in SOX4-overexpressing A549 cells and H1299 cells, while AGCG2 expression was apparently lowered in si-SOX4-treansfected A549/DDP and H1299/DDP (Fig. 6A and 6D) . Furthermore, inhibition of miR-130a-3p substantially enhanced the protein level of ABCG2 in A549 and H1299 cells, while knockdown of SOX4 effectively abrogated the promotive influence of miR-130a-3p inhibitor on ABCG2 level ( Fig. 6B and E) . Also, upregulation of SOX4 evidently reversed CCAT1-knockdown-induced decrease in ABCG2 expression in A549/DDP and H1299/DDP ( Fig. 6C and F) . Taken together, these results demonstrated that CCAT1/miR-130a-3p axis modulated ABCG2 expression by targeting SOX4 in NSCLC cells.
Discussion
DDP is a commonly used chemotherapy drug against NSCLC, but DDP resistance among NSCLC patients remains a major obstacle to successful chemotherapy. 16 Increasing evidence has shown that aberrant expression of lncRNAs participates in chemoresistance of cancers and provides new insights into the biology of tumor progression. 17, 18 Elucidating the underlying molecular mechanism by which lncRNAs function would contribute to the development of lncRNA-mediated therapeutic approaches against tumors.
It has been proposed that lncRNAs act as ceRNAs or miRNA sponges to abolish the endogenous suppressive effective of these miRNAs on their bona fide targets by interfering with the miRNA pathway. Moreover, these ceRNAs are suggested to be associated with many physiological and pathological processes of tumors and any perturbation of the balance between ceRNAs and miRNAs would affect tumorigenesis. 19, 20 CCAT1 was identified as an oncogene in various types of tumors, such as HCC, gallbladder cancer and melanoma. [21] [22] [23] In this study, we focused on the mechanism of CCAT1-mediated DDP chemoresistance in NSCLC cells. The results showed that CCAT1 was upregulated in DDP-resistant NSCLC cells. CCAT1 overexpression increased DDP resistance in NSCLC cells, while CCAT1 knockdown decreased DDP resistance in DDP-resistant NSCLC cells. Consistent with our results, CCAT1 was upregulated in docetaxel-resistant lung adenocarcinoma cells, and forced expression of CCAT1 facilitated the acquisition of chemoresistance by promoting cell proliferation and migration. 11 Also, it was reported that upregulation of CCAT1 led to significant enhancement of paclitaxel resistance in nasopharyngeal cancer cells, coincident with our finding.
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Previous studies suggested the involvement of miR-130a in drug resistance in different cancers. 25, 26 Our study found that miR-130a-3p was down-regulated in DDP-resistant NSCLC cells. Moreover, CCAT1 directly interacted with miR-130a-3p and negatively regulated its expression, functioning as a molecular sponge of miR-130a-3p. Function analysis further revealed that miR-130a-3p inhibition contributed to DDP resistance in NSCLC cells, while exogenetic expression of miR-130a-3p decreased DDP resistance in DDP-resistant NSCLC cells. Subsequent mechanistic analysis demonstrated that CCAT1 increased DDP resistance by downregulating miR-130a-3p. In line with our results, miR-130a was down-regulated in cisplatin-resistant ovarian cancer cell line A2780/DDP, and overexpression of miR-130a sensitized A2780/DDP cells to cisplatin by targeting XIAP. 27 Additionally, overexpression of miR-130a was also reported to overcome drug resistance in gefitinib-resistant NSCLC cells and paclitaxel-resistant prostate cancers by hindering cell proliferation and inducing apoptosis. 28 ,29 Conversely, miR-130a level was higher in cisplatinresistant tumor cells, and overexpression of miR-130a contributed to cisplatin resistance in ovarian cancer and HCC. 25, 30 SOX4, a member of the SOX family of transcription factors, play instrumental functions in the regulation of transcription during numerous developmental processes. 31, 32 Convincing evidence has revealed the carcinogenic effect of SOX4 in multiple tumors, such as esophagus cancer, lung cancer and breast cancer. [33] [34] [35] In our current study, we confirmed the upregulation of SOX4 in parental NSCLC cells, as well as in DDP-resistant NSCLC cells. The present study also discovered that SOX4 was a target of miR-130a-3p and miR-130a-3p could inhibit SOX4 expression. In addition, SOX4 overexpression enhanced DDP resistance and ABCG2 expression in NSCLC cells, while SOX4 knockdown diminished DDP resistance and ABCG2 expression in DDP-resistant NSCLC cells. Similarly, a previous study showed that overexpression of SOX4 contributed to resistance to chemotherapeutic drug via upregulation of ABCG2 in cervical cancer. 36 The resistance to DDP has previously been demonstrated to be attributable to overexpression of ABCG2 in various cancers including lung cancer. 37 Besides, SOX4 knockdown substantially abated miR-130a-3p inhibition-triggered increase of DDP resistance and ABCG2 expression in NSCLC cells. Meanwhile, exogenous expression of SOX4 significantly abrogated CCAT1-knockdown-mediated decrease of DDP resistance and ABCG2 expression in DDP-resistant NSCLC cells. These results indicated that CCAT1/miR-130a-3p axis contributed DDP resistance of NSCLC cells by targeting SOX4.
In conclusion, our study demonstrated the important role of CCAT1-miR-130a-3p-SOX4 regulatory network in DDP resistance of NSCLC cells, providing potential targets to overcome DDP resistance and enhance efficacy of chemotherapy during the treatment of NSCLC.
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